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Gamma, rays ... intro (1/8)

fhe most enermefic radiafion (fokes vp 1/2 €M spectyum)
non-thermal on‘gm

PYOAMC/JF on - nuclear - nen-nuclecr
detection / interaction ... energy dependent
ehdt be freused, imagcd

neutrdl => point pbdck To point of* origin
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Gamma-rays - production
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Gamma-rays - detection ... iIntro (8/8)

gamma rays ionize Matter when they pass through it

the most fikefy way that a gamma. ray will interact with
matter depends on its energy

Photoelectric Effect Compfon Scattering Pair Production

PPPPPPPPPP - oumng
Incoming X-ray photon Nucous

X-ray photon > ; o>
e - photon

F lactr F-
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e T— X
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Outgoing .
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Posstron (e¥)
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. 5 2, where my 18
lectron rest mass

Atom

Photoelectric Compton Pair Production

10 keV 10 MeV 10 GeV 10TeV
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Qamma"'mg As-troPhgsms
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Gamma—ray ASt?‘Opth’bcs

fhe most enermefic radiafion (fokes vp 1/2 €M spectyum)
non-thermal on‘gm

PYOAMC/JF on - neclecr - nen-neclecr

SIS e

detection / interaction ... energy dependent
ehdt be freused, imagcd

U

neutrdl => point pbdck To point of* origin

O
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rTV\Z }VVNOST ZHZY@ZTTC rodiotion (tokes p /2 EM SPZCTYUW\)‘i

Gamma—ray Astrophysics ©/0 | ihmdogs

Prooluc)r ion - nuclecr - nen-nuclecr

e mosT @n@r@gﬁc roudiodion dﬁec’ﬂ:nb/ r’reraznoh ez;rgy dependent
LD L TDEUSLA, I
(Ta.keg UP I/Z ?/V\ SPQCWUVV\) neutrdl => poinf back fo point of* origin

Trevor Weekes (Fermi Summer School 2012)

Why do we study elephants when
birds are easier to find and more plentiful?
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Gamma—ray As-tr'o;)hgs’bcs IV4C

Gamma rays come from the most vigient regions in our universe

»
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fine most eneigefic. vaudiation. (foes up.1/2. M Spectium)

Gamma—ray Astrophysics 2/ <[ tmmn

Prooluc)r ion - nuclecr  nen-nuclecr

non —-‘I’he Y ma, oY (ﬁ"‘t detection / inferaction ... enerqy dependent

et b freused, imaged
all objects emit thermal radiafion due

neutrdl => poinf back fo point of* origin

fo their non-zero temperature

it is due fo the thermal motion of
charged particles in mafter

much of the radiafion propagating
fhroughout space and incident on
Carth is of thermal origin
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fine most eneigefic. vaudiation. (foes up.1/2. M Spectium)

Gamma—ray Astrophysics 2/ <[ tmmn i

Prooluc)r ion - nuclecr  nen-nuclecr

non—'l'he Y ma, oY (ﬁ"{ detection / inferaction ... enerqy dependent
et b freused, imaged

neutrdl => poinf back fo point of* origin

“The word non-thermal is used frequently in high energy astrophysics to describe the emission
of high energy particles. | find this an unfortunate terminology, since all emission mechanisms are
‘thermal” in some sense. The word is conventionally taken to mean ‘continuum radiation from
particles, the energy spectrum of' which is not Maxwellian®. In practice, continuum emission is
of'ten referred 1o as ‘non-thermal’ if' it cannot be accounted for by the spectrum of' thermal
bremsstrahlung or black-body radiation” - M. S. Longair
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Gamma—ray As-tro;)hgs&,c.s 2%

non-thermal on‘gm

all objects emit thermal radation due
fo their non-zero temperature

it is due fo the thermal motion of
charged particles in mafter

much of the radiafion propagating
fhroughout space and incident on
Farth is of thermal origin

ideal thermal and
typical stellar specira

lliS“i!lllﬁﬂllS I tne "IIWEI‘SE ]

fine most enexpetic radiodtion. (fkes.up.1/2 €M spectrum)
| non-thermal origin

production - nuclecir
detection / interaction ... energy dependent
et b freused, imaged

neutrdl => poinf back fo point of* origin

nen-neclecr
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fine most eneigefic. vaudiation. (foes up.1/2. M Spectium)

Gamma—ray Astrophysics 2/ [ uwdags |

Produc)r ion - nuclecr  nen-nuclecr

ILOIL—'H’[C Y ma, Oyigiﬂ detection / inferaction ... enerqy dependent
et b freused, imaged

peneraies Eans
Atmosphere? . . .
neutrdl => point back to point of* origin
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Bmperature of
objects at which
this radianon s the )
mostintense 1K 100 K 10,000 K 10,000,000 K
wavelength emitted 272°C  -173°C  9,727°C ~10,000,000 *

under extreme conditions
can get keV thermal emission
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. fine most eneigpetic Yadiodion (fokes.up. /2. £M spechvum)
Gamma—ray Astrophysics 2/ [un o

Produc)r ion - nuclecr  nen-nuclecr

'IO'I“'H'IC Y ma, or lgl’l detection / inferaction ... enerqy dependent
et b freused, imaged

Penetrates Earth's N N

Al p? . . .
mosphere neutrdl => point back to point of* origin
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Bmperature of
objects at which
this radianon is the )
most intense
1K 100 K 10,000 K 10,000,000 K

WeveIngh smiled -272°C  -173°C  9.727°C ~10,000,000 °C

under extreme conditions

can get keV thermal emission | A
k“ £ 000 l Photon Eucrgg:ru (TeV)

gamma rays are always the
result of non-thermal processes N,y
... most of which 4 <l)°C -

We do not yet fully understand

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware
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fhe most ener@eﬁc roudioion (fakes vp 1/2 M spectyum)

qamma""rag ASth‘Opthch @i 6 non-thermal origin

[ Produc)r on - nuclecr  nen-nuclear ]_

PYOdM{'}hOﬂ detection / inferaction .. enerqy dependent

et b freused, imaged

- nes Perim nen-nees Perim neutrdl => point back fo point of origin
Cg‘@ADRONIC EL)LECTROM/\GNETIC
neutral PiOﬂ d@C@H electr‘on—positr‘on annihilation

br‘emsstr‘ahﬂung/synchr‘otr‘on
Inverse Compton scatter‘ing

“A difficulty associated with gamma rays is that they can be produced from the interactions of
both high-energy protons and electrons. Protons (and nuclei) produce gamma rays through
their interaction with target material (e.g. a molecular cloud) and subsequent n® decay.
Electrons (and positrons) produce gamma rays through the processes of inverse-Compton
scattering and bremsstrahlung. Since the gamma rays come from the secondary interactions for
both types of primary particles, they trace the combination of the beam (primary particle)

density and the target density.” - R. A. Ong (2013)
PPOtOﬂ

S anhmton
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the most @nzr@aﬁc radiodion (tfokes Up /2 eM spacﬂfum)

qamma"“'r'ag ASt?‘OthSch éulji @ non—fhelfmalorigin

P\rodchr ion - nuclecr - nen-nuclecr

d e.t -eCh on / ln.|. erac.h on | detection / interaction ... energy dependent
et b Freused, imaged
,en_ergy Cl_epenclen't neutrd => poinf back fo point of* origin
Photoelectric Compton Pair Production
10 keV 10 MeV 10 GeV 10TeV
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the most @nzr@aﬁc radiodion (tfokes Up /2 eM spacfrum)

qamma"“'r'ag ASt'f’OthSch é&;i @ non-thevmal origin

P\rodchr ion - nuclecr - nen-nuclecr

d _e.t _ec.h on / ln.|- erac.h on | detection / interaction ... energy dependent l
et b Freused, imaged
,en_ergy Cl_epenclen't neutrd => poinf back fo point of* origin
Photoelectric Compton Pair Production
10 keV 10 MeV 10 GeV 10TeV

Difficulties with COMPTEL

higher Than expected instrumerifal background
angular regoluTion

need af least Two Complon irferactions To occure

/ SCHONFELDER & GOTTFRIED (2010), ISSI SCIENTIFIC REPORTS
oERIES, EoA/ISSL [5BN 878-92-9221-956-6, 2010, P 207-2e
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the most @nzr@aﬁc radiodion (tfokes Up /2 eM spacfrum)

qamma"“'r'ag ASt'f’OthSch é&;i @ non-thevmal origin

P\rodchr ion - nuclecr - nen-nuclecr

; ; : | detection / interaction ... energy dependent l
detection / interaction ey
,en_ergy Cl_epenclen't neutrd => poinf back fo point of* origin
Photoelectric Compton Pair Production
10 keV 10 GeV

Energetic Gamma Ray Experiment

Telescope (EGRET)
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the most @nzr@aﬁc radiodion (tfokes Up /2 eM spacfrum)

qamma"‘rag ASt'f’Opthch é&;i @ non-thevmal origin

Produc)r ion - nuclecr - nen-nuclecr

d e.‘. ? C'h on / m“. erd C'h on | detection / interaction ... energy dependent I
et b Freused, imaged
eﬂ-ergy d.epeﬂclen‘t neutrdl => point bdck to point of* origin

Pair Production

Nucieus Electron (e”)

o

e & ‘\

9
Positron (e*)

Energetic Gamma Ray Experiment
Telescope (EGRET)

E, > 2myc”, where my 18

the electron rest mass

PAIR PRODUCTION

X8 e

“virtual photon in field of nucleus
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the most @ner@aﬁc radiodion (tfokes Up /2 eM spchvum)

Gamma—ray Astrophysics &/ | wn-thumiags

Produc)r ion - nuclecr - nen-nuclecr

d e«'»ec-hon / .ln't-era(}'h on | detection / interdction .. enerqy dependent [
et b Freused, imaged
cee energy d-epeﬂcl.en"' neutrdl => point back to point of* origin

the manner in which we use pair production 10 detect the gamma rays
S dif ferent ... SO we divide gamma-ray astrophysics into

“High Energy” (HE) and “Very High Energy”

High Energy Regime - Very High Energy Regime
T T L

1MeV 10MeV 100MeV 1GeV 10GeV 100GeV 1TeV 10TeV 100TeV

but, more often than not, the physics at the Source iS the Same:

complementarity
independent verification (energy Scale)
multiwavelength obServations
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Gamma—ray Astrophysics </

ngh Energy Reglme - Very High Energy Reglme
: |

1MeV 1OMeV1OOMeV 1GeV 10GeV 100GeV 1TeV 10TeV 1OOTeV

particle interdcts directly in detector particle interacts in the atmosphere
limited by physical size of detector large collection ared

Fermi, EGRET, INTEGRAL ... Whipple, YERITAS, HESS, MAGIC ...
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fhe most ener@zﬁc roudioion (fakes vp 1/2 M spectyum)

Gamma—ray Astrophysics /| untimmgn

P\fodchr ion - nuclecr - nen-nuclecr

d e.‘. 7 C.h on / ln.|. erd C.h on | detection / interdction .. enerqy dependent I_
et b Freused, imaged
cee -energy d-eP.enCl.en"' neutradl => point bdck o point of* origin

When a gamma ray passes through a medium, the probability
for dabsorption depends on the properties of that medium:

its thickness
its density
its absorption cross section

And on the energy of the gamma ray dbsorption coefficient

— M X distance, x
L) - @ d

—

bear 'l.ﬂ*em"ﬂ initial beam
after distance, x intensity
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fhe most ener@eﬁc roudioion (fakes vp 1/2 M spectyum)

Gamma—ray Astrophysics /| untimmgn

Produc)r ion - nuclecr - nen-nuclecr

d e.‘. 7 C.h on / ln.|. erd C.h on | detection / interdction .. enerqy dependent I_
et b Freused, imaged
cee -energy d-eP.enCI.en"' neutradl => point bdck o point of* origin

When a gamma ray passes through a medium, the probability
for dabsorption depends on the properties of that medium:

its Thickness
its density D
its absorption cross section

And on the energy of the gamma ray

Absorption length A (g/cm?2)

107 ¢ £ T —— Farticle Data (roup (pdg.bl.gov)
MEAN FREE ol il ol vl ol vl i il ol

10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10MeV 100 MeV 1 GeV 10 GeV 100 GeV

PATH Photon anergy
ENERGY
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Gamma—ray Astrophysics 5/ | utimmgn

C/M\Y\b{ ‘9(/ ‘FDCAXSM lmM(’d’ detection / interaction ... energy dependen’r
] |
therefore: N OPTICS s

fhe most ener@eﬁc roudioion (fakes vp 1/2 M spectyum)

Produc)r ion - nuclear - nen-nuclecr

| et be freused, imaged |

defector area [ the collection areal

f
hroug

N order Tor It to be defec

ih an oPtlcal telescoPe the
ne phofon Must pass imte et rem

N your defector system ;
ed  FLux

——

gamma-ray flux is disirbuled as a |

DOWEr

aw —> faling RAPIDLY

Abdo ¢t al (2000) Apd 108,150

with INCREASING ENERGTT | =% terer—
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Gamma—ray As-tro;)hgs&,c.s eY4e

heutrd! => point bdck To point of* origin

one of the big motivations for gamma-ray
astronomy was (is) the search for the
origin of the high-energy cosmic rays
their origin has been a mystery since their
discovery 101 years ago by Victor Hess

® 1913
Q 1914

F (m?srs GeV)'

lon pairs/(cm?s)

Fluxes are mainly attributed as follows:
-> soldr cosmic rays
-> gdlactic cosmic rays
-> extragalactic cosmic rays

-

Altitude (km)

fhe most ener@eﬁc roudioion (fakes vp 1/2 M spectyum)

non-thermal origin

Produc)r on - nuclecr - nen-nuclear
detection / interaction ... energy dependent
et b freused, imagcd

| neutral => point back to point of origin

e |
| mis!
— Im'zyr'I
|km'2yr'l —
Wikipedia
10° o' 1" 1™ 107 10" 10¥
E (eV)
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fhe most ener@zﬁc roudioion (fakes vp 1/2 M spzc’rrum)

Gamma—ray Astrophysics ©/C | o tmmgn
P\fodchr ion - nuclecr - nen-nuclecr

neutrdl => pOIhT bdck To pOH’T[— of Origih detection / interaction ... energy dependent
ehnndt be freused, imaped

COSMIC rays are ckarjea\i

- MOSTLY PROTONS

they do not Po'mjc back 1o their Po'mlc of origin because they get
a\ed:scjcecl N MOﬂneJc'\c fields J '

the sites of acceleration of cosmic rays would also e sources of

!_hfufrfcsj__l => point back fo poinf of* origin

L\'\jh-enerjy garma. rays

N o in The early days of gamma-ray physics at very high energies, there were no known
sources of TeV gamma rays

o i was thought that, if such sources were found, they would correspond with the
sources of the high-energy cosmic rays

- o If an object was capable of accelerating charged particles 1o such high energies, then
it would surely also be a source of TeV gamma rays

o fthis is sfil the thinking but we have many sources of TeV gamma rays - it’'s not clear
which of them are sources of the highest energy cosmic rays (moie on that later)
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Gamma—ray Astrophysics (/0

heutrd! => point bdck To point of* origin

COSMIC rays are ckarjea\i

- MOSTLY PROTONS

do not Po'mJE back 1o their Po'mlc

the
Y \Cls

deflected in MOﬂneJc'\c fie

fhe most ener@eﬁc roudioion (fakes vp 1/2 M spzaﬂum)
non-thermal origin

Prooluc)r ion - nuclecr - nen-nuclecr
detection / interaction ... energy dependent

ehnndt be freused, imaped

| neutral => point back to point of origin I_

e —

of or\ﬂ'\r\ because JCL\ey jejc

the sites of acceleration of cosmic rays would also e sources of

L\'\jh-er\erjy garma. rays

Gamma—ray Astrophysics

fine MUST eneiene Yadation (Takes vp /2 EM Spectrum)
non-thermal orgen

|_production - nuc’ecr  nen-nuclecs
) w Produc-hon detection / interaction .. energy dependent
P -+ P N> -ﬂ“ _+ >< ehnndt be foeused, Imaged
. - nucze(A[‘va néen- nllcﬂe(/‘m neutrd => point back fo polnt of® origr
o
W= ¥ R

@}L@ADRONIC

,.‘Other Pf‘Odu ~XK
988 of the tiMe

S—

Aenergy

S—

| neutral piOﬂ OGCGH

A
gBLECTROMAGNETIC

electr‘on-posltron annihilation
bremsstrahlung/sgnchrotron
Inverse Compton scatter‘ing
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fhe most ener@eﬁc roudioion (fakes vp 1/2 M spectyum)

Gamma—ray Astrophysics /0 | untimmgn
Produc’r ion - nuclear - nen-nuclecr

neutrdl => pOIﬂT bdck To pOIhT of Origih detection / interaction ... energy dependent
et b freused, imagcd

COSMIC rays are charjecli

- MOSTLY PROTONS

they do not Po'mJE back 1o their Po'w\lc of origin because they get
Jewczacjceo\ N MOﬁneJc'\c fields J '

the sites of acceleration of cosmic rays would also e sources of

l;n?ufrfql => point back to point of* origin

it

L\'\jlﬂ-enerjy garma. rays

' we could establish the hadronic

origin of gamma rays from a class of
sources, 1t would be a strong

indication that this was the source
of the high—energy cosmic rays
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Extensive Air Showers
2/

N0
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Extensive Air Showers (EAS)

Wheh @ high-ehergy protoh or gamma ray ehters the edrth’s atMosphete .

Development of gamma-ray air showers

Primary particle
(gamma ray)

first interaction
with nucleus i ar
(pair production)

bremsstrahlung
on nucleus mn ar

pair production

bremsstrahlung

(C) 1999 K. Bemlohs

Development of cosmic—ray air showers

. X Primary particle
l (e.g. iron nucleus)
”N ‘ = first interaction

A
{ ‘ '
Y n :
R o0 10 . &y pion decays

pion-nucleus ) ol
mteraction . . " :
’ ’ v “ '
16 ' Q '
?, O ! ' " “
o) X .
o'% “N tﬂw S\ second interaction
o Y y o '
Ir'} (\; ‘
Yy
| &g
K
o] ° (C) 1999 K Bembohy

edpaccalieched

R
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Extensive Air Showers (EAS) Al

e*AY AEC
et >
. . e+/w Y c“e?@l\(‘z\g
Wheh @ high-ehergy ehters the edrth's atMosphete .. NS 0
« when a high energy gamma ray passes close to an atomic
Development of gamma-ray air showers nucleus in the Earth'’s atmosphe‘re‘v it pair pI'OdUCGS
Primary particle * radiation leng th - 377 9 cm-z
S (gamma ray) « total atmospheric depth ~1000 g cm™
{ = gamma ray interacts close to the top of the atmosphere
"N Q\ ™ fistinfemnction. | * e'e’ palr subsequenﬂ;y uno]erc%o bremssjcrahlunc% (similarly hi%h
‘"o /e \ (pair production) cross-section as pair-production), resulting in the production
N o o) 16
e \.\ o o et of a high-energy gamma ray
/f’p ) . pair production » this cycle of pair-production followed by bremsstrahlung continues,
o | /| *’4— bremsstrahlung resulting in an exponentially growing cascade of particles and
/5 & “; i radiation, until shower maximum is reached
'® '—'__ ) o af this point, the critical energy (842 MeV) at which the electrons
/\ ; ":\\ . lose enerqy eqya”y b\f rodiation and ionization is reached
3 “vo i ‘beyond This s‘|’age, the electrons lose enerqy r‘apidH b\f ionization
i and cascade multiplication ceases with The particles then being
e paccaltecned "

| ee—— M——

Some muons can also be Probuced from Pion Probuction in Photonuclear. reactionss but
the ProbabiLity for this is Low ... dvout 107 fimes that of Pair. Probuction
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primary cosmic ray

Extensive Air Showers (EAS)

Wheh @ high-ehergy elters the edrth's atMosphere .. gF T e

« most air showers are hadronic
+ when these particles collide with oxygen and

nitrogen, cascades of elementary particles and Development of cosmic—ray air showers
radiation are induced
o the initial products include nucleons and kaons, but

primarily consist of charged and neutral pions which
Subsequently decay through a number of decay chains

Primary particle
(e.g. ron nucleus)

first interaction

ﬂ_»r_%/x.ﬁ) T=2.6xl0

ey T pion decays

- /C L Q) pmu nucleus ol
1_ —s " \)1 = : X (Q r o interaction ’." I
1T O—-——> bf + X} .3""% "N ’-m <'3e second interaction
BT 1
e since muons do not interact s+rong|y, most of those o . (C) 1999 K. Beculobe
oroduced penetrate to the Earth's surface.
= relativistic effects: their lifetimes are enCFec‘l'i\/eN ned\DQCCQHGChedU
|onger in The atmosphere than in Their rest frame.

= in hadron showers, several percent of the paricles

reaching the ground are muons
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primary cosmic ray

Extensive Air Showers (EAS)

Wheh @ high-ehetgy ehters the edrth's atMosphete .. ke

« most air showers are hadronic
+ when these particles collide with oxygen and

nitrogen, cascades of elementary particles and Development of cosmic—ray air showers
r‘aoliaJcion arc .lndUICCJ . X Primary particle
the initial products include nucleons and kaons, but

primarily consist of charged and neutral pions which
subsequently decay through a number of decay chdins

(e.g. ron nucleus)

first interaction

— &
' . z = Z . o |O S Sremy . o decays
o -3 pion-nucleus b N ol
- PR i (Q S interaction ! | ; :
P B S, iR . _— ‘.";,’mo \ :Q \
- Ny, ' '
' TrJDF‘_—> b/ T X} T) = % 4-x10 5 .E::Pi “N ’ - ge second interaction
i e > HiHE S 1
~ s O BPOITE i : " " ' '. "
=
At each genera‘l’ion of hadronic pion produd’ion ~I/3 of * B . (C) 1999 K. Becusobs

the pions are 1% .
‘immedicﬂ'd\f deca\i info Two gamma. rays (~T0MeV) ﬂ@d\DQCCQHGCthU

= these subseqyenﬂy pair produce

L e— ——

- e|ec‘|'romagne+ic cascades rapid|\f Qrow To comprise

the dominant component within the hadronic cascade
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primary cosmic ray

Extensive Air Showers (EAS)

Wheh @ high-ehetgy ehters the edrth's atMosphete .. ke

« the secondary nucleons and charged pions

continue to mu]tlp]y until the energy per Development of cosmic—ray air showers
particle is no longer above the threshold for & - Primary particle

(e.g. ron nucleus)

multiple pion production (~1GeV)

- eventually the cascade just consists of the

a - first interaction
electromagnetic component N/,’.’\‘\
o once shower maximum is reached, the e’s and e's are x ,//'.'". .': N e
rapidly attenuated due to ionisation e PO
o The lateral spread of hadronic showers is “S““”‘i much mteraction ‘,-"6 ] '-\Q ‘
greater than that ‘ Jerer .efi"';" © G ok Eh o n
o due o the IarTRANSVERSE MOMENTUH oer A " )
o pions in s+ron| Tera pem | i .: oy ‘
« these showers also have a Ionger T i
penetrating qil, due 1o the large nuber of edipaccalfeched
-.'arhcle& reachmg ground Ieve: 2\ S —

- |mportant later
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Extensive Air Showers (EAS)

Wheh 4 high-enel‘ 39 efiters the edrth's atMOSPhef‘e electron = electron or positron
« propagation of CR electrons” is severely limited by %700__ < 800
energy losses via synchrotron and inverse Compton o [ = 600 | H*
scattering 600" !
- implication is that the sources of eV electrons must s i O +“
be local (« 1 kpo) t = I §
» CR €7 are less than I% of the hadronic background [ = W SR
S . 400 = %00 300 400 500
» e-INiflated showers are extremely difficult o = it
differentiate fRoM gaMMa-ray showers o 1y Data
: . R, = — Electrons
= Start 10 develop & produce lignt edrlier than = TR
gamMa-showeRrs, but attenuate rapidly 200 = Lo

» the only useful separation parameter is the depth of
the shower maximum
=it occurs at about 20 g em (37 g em? for

100

TIIIIIII

|

T

Ll lllllllllll

—M

gammas)

0200 250 300 350 400 450 5

00 550
Xmax - 93 log(E/1 TeV) (g cm?)

= half a radiation |€ngﬂ\ higher in the GJYMOSPMW Distribution of reconstructed shower maximum

for H

55 data compared to simulations

L e——
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Cherenkov Radiation

Wheh @ high-ehergy particle or 9amma ray eters the edrth's atMosphere ..

0.01t0 100 TeV | (W

M

he Aumospher .. The shower of cham%ed

paricles is accompanyed by

«—— CHERENKOV RADLAT ION

T — ——s
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Cherenkov Radiation
4/11
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Cherenkov” Radiation *Cerenkov
CHERENK@\/ M}DE ATH@N when a charged particle travels through a medium with a

: velocity greater than the velocity of light in that medium

| | A
%OO 08 Cg(s)oooo %OO 08 O(S)OOOO
C O o o O O 00 o ©
O~y © QO Yo Co0 9,0 1CC0 Y0
o8 % © © QOB 20 "© e
O9e 98 0 005 Q100 ©
00 0] £302 SN k)3
o OO O 6)0 Ooo %@ OCS)O
0 S\NE %0 26 o[ &60% 0 i
Oo@@©®oo OO ogaapeoooo
VLGNSR [6°8% 000 & =
D22 0Mm 0050 090 o “00,0 i == -
OO O OO O d) OOO O OO @) Cp ..... .':',; CIrenxov
0 ~90 = n-90"0 0 624000 ooy Wavefront
60 295518 08 0% 00 2Ol ina 00 P, =4
0900 o0 ©° o0 0 00 ko 0°
Y Y
B B R
. . Vparticle =2 X vGroup
e~ moves e- with velcity y
: Charged Particle
Yela+ively slowly Clos€ +0 C
S — —

o When the cmr@zd powﬁc\a (soug, on &), passes close 10 the o When the veloc'\ﬂg of the ¢ 1S @mmr thon the phase \/e\ocm of \‘\@V\T in
aroms of oL materiod, it distorts their ou'\@nmenf such that tine thadt™ medivm, i 1S possiole for the woveletrs from ol porﬁons of the tyock

posifive chaunies of fine nuclei e attvacted fowauds if. f0 02 1N Phase with one anofiner, s producing o conerent wawve-front
o When fhe ¢ has passed, fine aroms velax oack 1o fiheir originad af e wel defined angje 1o the patin of the electron,
Shapes cowsing o brief glectromagnefic puise - polaistion o TNIS cohnerence occurs Wien the electyon travels from A 10 8, in the
moves on 1o e centved on P etc.. saue fime as the vaudietion emitted by fine afoms of the maferial
frovels from A 1o C.
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Cherenkov Radiation
* * when a charged particle travels through a medium with a
CHEREN K@\v MD EA’TH@N 3 velocity grea%er tphan the velocity of Iight N that medium
= €e- has velcity BC & i+ +ravels From A +0 B in Hme A+
C
= & sce CosO= A0

Wavefront
WE can arvrange +he First +wo equations +0 ge+

. Hhe criterion £or Cherenkov

i |
Y Vparticle =2 X VGroup C O S 6 5
£ vadaton 10 be emitted

Charged Particle

[ — —

Cherenkov andie is max £or B-L There is a min VeloCiHy T[’\f; medium Jcs ﬁ‘\e
£0Y +he chayged par+icle & also a thyeshold eneygy mo\\ajcor -Nn Jc e

me Parjc'\c\es.

J
-1 S
@maX:COS n {gmm« N Em\n ) 2
\ - 6(‘f\'m
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Cherenkov Radiation
CHERENKOV RADIAT ION:

- 1 18 named atber tne Russian scierist, Pavel
Aletseuevicn Unerenkov. He snared bne Nobel
Prize n pnysics in 196 with Lya frank and
ggor“ lamm tor [bs discovery - made in 1934

6 Was bne £irst to debect 16 experimentally

- Cherenkov radiation 1§ blue - UV light

- In VU8, it was suggested by Blackett that
there should be a small contribution (10* of
total starlight) to the light of night sky from
Cherenkov radiation

P. A. Cherenkov (904 - 1990)

- Very briefly, it outshines the night Sky - need
Very fast electronics to record it above this
packground
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VHE Technique

'\MOﬂe intensitier P'\cjcures of n'\jnJc s\<y
with and without Cherenkov shower

SHOWER

CERENKOV RANDOM

Work by David Hill (".l.T.) and Neil forter (UC.D.) in 1460

on short Jtimesca\es, the \\ch from the
Cherenkov shower outshines \/eja\.*

« The FIFTH brighest star in the sky
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Cherenkov Radiation

Figure adapfed from Hilas (1806, Space Science Reviews, 7. 17

the stipplcd box contains the main km
emission of Cherenkov light in a 1 TeV

gamma~ray shower

the median altitude is 8.1 km
at these heights, half the eMISSION 0CCURS
at radidl distances WithiN the box

the dashed-box indicates the mdin emission
region for Cherenkov light in a proton shower
of the same energy

Deirdre HORAN -- 2013 Fermi Summer School -

8.1 km -

\
13- /I :

12 /

o b /
o _{

9-

% g
- ; -
T0nr

-

\.
"\ 1 TeV y-ray

Main emission
rcgion of light
n y-ray showers

Main emission

region of light

for a proton shower
1 TeV proton

Mt. Hopkins

Sea Level

100m
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Cherenkov Radiation

Houre Taken from 1. C. Weexes fakk

10 eV. (1TeV)

PRIMARY Y- RAY
UPPER or CHARGED - PARTICLE COSMIC-RAY

ATMOSPHERE

-

—— SHOWER DEVELOPING

—SHOWER AT MAXIMUM

I
| I
\| i SHOWER DYING
[ l‘l?
i
i\
v~ 1Meter
CHERENKOV . ‘/\,/,
\ S y
LIGHT FLASHE {f///,

! ‘Z.':f:' // 1 RELéE’R/TER
NS

Y/

S 10-100m—‘4

I
I
|
I
I
l
I

I
TYPICALLY

16 km

e

|
I
I
I
I
l
I
|

Deirdre HORAN -- 2013 Fermi Summer School -

for a 100 GeV primary,

we get about 5 photons
m~ out to about 120m
from the axis

I

RN —

at detector level, the shower

results in a pool of light of:

~120m diameter

~1m (2-3 ns) thickness

- LLewes, Delaware



First Generation VHE Telescopes
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First Generation VHE Telescopes

R, r2e0f
To DETECT™he Cherenkov 1'1%[’11: from an

air shower, we need CREYENKOY WAVE-LYoNnt

JL I

- a mirror fo qather & focus the light
- o FAST o\efecjcor ’ ‘ >
T D

- a means 1o Jcr'\jjer/ record the '\vvmﬁe

+0 COUNt+iNg
€leCHroniCs

N

mivyy oy
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First Generation YHE Telescopes

CheYenkov waveFyont

PMT |
D +0 COUN+ING
€lecHronics
miry oy

(nalbraith and Jelley (1903), Harwell - UK.
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First Generation YHE Telescopes

Large Collection Area ~ 10*m?

0.01t0 100 TeV | (w
¥
i M
M
The Atmosphere Effective detection area
1 3x10%cm? at 400GeV
0.8°

Cerenkov Light

8.5km

Cone

40,000m?2 —

120m
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First Generation YHE Telescopes
The Eanly, Days

Large Searchlight

. Nirrors I at focus = |

i
114, - ey cd 8 Ny 1 -;I . , . KT
*, - - e R .
. [ i - T _1'1_.' - gl ','-'l-r-, o ot . ! "
K= | 'f ¥ o g - * v " 3 T if- i' At ¥ -
e - "I.'"‘._ . - " '11 . ¥

- 1765

Cumea Experment 1760
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First Generation YHE Telescopes

et aghlyl
| University Gollege Dublin group

- led by Neil Forter in

collaboration with J. V. Jelley
WWIT syr 2]7“45 qun mounde

and seﬂlrd\—ligkt MIrrors
TARGETS: quasars, variable stars,

supernova remnants, Crab

_
- —

Alencullen, Preland Lo very dctive in VHE
bl (138 qamma-ray astronomy | Weekes (207 Ferm Smrer Seioo)
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First Generation YHE Telescopes

mwo@%

.&.

bm‘ this actually wasn’t
the real limetation
.. These feleszopes did
su((essfully detect
Chevenkov vadiation from

. Gty showers

/762-66 (c5A)
—
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First Generation YHE Telescopes

telescopes were overwhelmed by
this background.

The breakthrough came with the
advent of o

The probtem is that > 99°% of the ~ We need 1o exiract the
events that trigger the camera  gamma-ray signal from this
are induced by cosmic roys overwhelming background

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



The Imaging Atmospheric

Cherenkov Technique
6/11

N0 o)
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The Imaging Atmospheric Cherenkov Technique

445
OG 90 5'3

CERENKOV LIGHT IMAGES OF EAS PRODUCED BY
PRIMARY GAMMA RAYS AND BY NUCLEI

A. M, Hillas
Physics Department
University of Leeds, Leeds LS2 9JT, UK.

ABSTRACT

It is shown that it should be possible to distinguish very
effectively between background hadronic showers and TeV gamma-ray
showers from a point source on the basis of the width, length and
orientation of the Cerenkov light images of the shower, seen in
the focal plane of a focusing mirror, even with a relatively
coarse pixel size such as employed in the Mt. Hopkins detector.

L — BE——

"Cerenkov light images of EAS
produced by primary gamma’,

Proc. [9th ICKC |
Vol. 3, 14O |

L d \)O"a),
989)

- AT HILLAY
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The Imaging Atmospheric Cherenkov TeChniQHQ:Wmep

445
OG 90 5'3

CERENKOV LIGHT IMAGES OF EAS PRODUCED BY
PRIMARY GAMMA RAYS AND BY NUCLEI

A. M, Hillas
Physics Department
University of Leeds, Leeds LS2 9JT, UK

ABSTRACT

It is shown that it should be possible to distinguish very
effectively between background hadronic showers and TeV gamma-ray
showers from a point source on the basis of the width, length and
orientation of the Cerenkov light images of the shower, seen in
the focal plane of a focusing mirror, even with a relatively
coarse pixel size such as employed in the Mt. Hopkins detector.

S —

¢ 9 e P vudOIS

w o c/lﬂ'VlJDWO/L for
: aus is

o o 1 2 2
o 0 o

Jo) gama
oooo:b 51\&76/

"Cerenkov light images of EAS produced by primary gamma’, Proc. 1%th ICRC (La dolla) VoI 9, 110 (I
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The Imaging Atmospheric Cherenkov Technique

remember from earlier....

:1 /\\.« /7\ Ly ‘\\,
¢ C"‘ Vv V vu

Wheh a high-etergy "TOTON eters the edrth's atMosphete .. { Ciaenald
« the secondary nucleons and charged pions
continue to mumply until the energy per Development of cosmic—ray air showers
particle is no longer above the threshold for - - Priary panile \

-—

multiple pion production (~1GeV)
+ eventually the cascade just consists of the

first mteraction

electromagnetic component
« once shower maximum is reached, the e's and e’s are

A ‘._x -y “ pron decays
rapidly attenuated due to ionisation i i S
» the laterd spread of hadronic showers is usually much s ,"; 4 N
qeaier +h°n H'\0+ O‘F ’e’ﬁ ’ i ' - '3; second interaction
 due o the lor TRANSVERSE MOMENTUM Juen i '\ ]
to pions in s+rong infer ' v:'
- these showers also have a longer o D
penetrati 0 the large nuigber of
articles reachnng ground level D—

T |mportant later
DR r———
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The Imaging Atmospheric Cherenkov Technique

the ditterent Phys]ca| mechanisms that take P\ace N 9amMma-ray & cosmic—
ray induced showers affect the characteristics of their Cherenkov iMmages

primary cosmic ray o,
o+
320 GeV I TeV
km 20- Y —1ay proton
18- 4
16- L rav .Y e
14-
12- e ool
10- >
8-
6-
47
5
0-=<+——— lkm ——*
[ — —
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The Imaging Atmospheric Cherenkov Technique

[Cosnic-ray
, shower
f1o24 \

aamna=ra
s ar
2 ;
it
|
10 - 20kn above sea level Cherehkov
/ i

Field of view of
3 telescope
{gbout 3 degrees)

~~ Centre of
Camera

icrhpicrr.u-tokyo.ac.jp/ hew‘hod himl

“Hillas parameters” (length, width, distance, alpha...) after A. M. Hillas
"Cerenkov light images of EAS produced by primary gamma’, Proc. 14th ICKC (La Jolla), Vol 3 LH‘J (|0|85)
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The Imaging Atmospheric Cherenkov Technique

.Plcture

.Boundary

XY ryA LA X T
7 Vav A AL L T
A p o A
4 t’" R

Y

.
7 v
A

S

T

Scale: 82DC

camera cosmic ray
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The Imaging Atmospheric Cherenkov Technique

.Plcture

.Boundary

oA A )
= A 7 7 L A
ij).r-&r,‘:.‘? A LY T

; ‘L,J“_ A r\ff T

¥ r‘ S A A
4 Ty i
) 4 :‘f"\—r\?
’\J:.v A
7NN
LTSN

Scale: 56 DC

camera gamma ray
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The Imaging Atmospheric Cherenkov Technique

= CHERENEQOV IMAGES
The Whipple I0m Telescope
T e 1m3ging technique vas ploneered b
N0 D N0

at the Whipple Telescone in Arizona p

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware
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The Imaging Atmospheric Cherenkov Technique

Actual parameter distributions
from VEKITAS (~Z008)

Image width

Original Hillas paper - simulated
parameter distributions (430) -

T

05
Width [deg]

Events
g

shaded rujions are Gamma cays o
"Cerenkov light images of EAY produced by primary gamma’, :Z el
Proc. 19th ICKG (La Jolla), Vol. 3, 440 (1989) ol = = = == e

Length [deq]
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The Imaging Atmospheric Cherenkov Technique

106 ASITopnysIcal

VIl 352, 379 (169

With the advent of imaging
came fhe first ever TeV
gamma-ray source,
the Crab Nebula,
hus establishing the field of

Te\ GAMMA-RAY ASTRONOMY

furnal,

B —
Deirdre HORAN -- 2018 Fermi Summer School - Lewes, Delaware

OBSERVATION OF TeV GAMMA RAYS FROM THE CRAB NEBULA USING THE
ATMOSPHERIC CERENKOV IMAGING TECHNIQUE

T C Wmm ‘M. F. CawLEY,? D. J. FEGaN,® K. G. Gmns, A. M. HILLAS, P. W. Kwok,! R.C. Lams,*
5. A Lewis,® D. Mwoua,’ N. A. PorTer,? P. T. Rmows, AND G. VACANTI®

OBSERVATION OF TeV GAMMA RAYS FROM THE CRAB NEBULA USING THE
ATMOSPHERIC CERENKOV IMAGING TECHNIQUE
TOCWmas" M F Cawisv! D) Poan? K G Goes' A M Hitas® P W Kwox! B C Laa'
DA Lewn® D Macoss' N A Posrin” P T Revsoten,'? aao G, Vacasn®
Kocewed 1958 Angunt [ acoupend 1588 Dwiomdr ¥

ABSTRACT

The Whipple Observatory 10 m reflector, operating a a )7 pinel camers, has been used to observe the
Crad Nebola in TeV gasena rays By slecting gamma-ray images basod on their peodicted propertios, more
umu%dmhﬁm-w admumnmu:hc‘)o-lndw:uwnnud
13 = 00" ors cm’ 5" above 07 TeV (with & factor of 1.5 uncertainty in boeh fex asd esergy) Lews
than 25% the observed flux & palsed at the period of PSR 0531 There is 20 evidence for variabslity on
|.¢nulahoml!nloyunAllhouylmmuummh-hpuhumhmwooLum
more likely that the observed fux comes from the haed Compeca vy pectrum of the

Subjecr headings | gamma rays: gencral — nebulae: Crab Nebela — publass - radiation mechanisms

L OINTROOUCTION

The obscrvation of polasization in the rado, optial, and
X-nycml—onbmlhl(.‘nbm-m};ulunm
of the synch otigin of the raduation and is a
strong isdication of the p in the nebula of a reservolr of
rdn:mn:dummmhmp«uplol TeV. The presence of
the radio pular, PSR 0431, nuukmmduenctnhp»
Vides 2 sosrce for the on-going mjection of rel
w» This reservon. Tbccdnnadnhu r,nclmoondunu
with d photons withis the nebula
imcvitably mum molwm‘peumn (at soene level)
that extends from the X.eay imo the gamema-ray caergy range;
mmammmummmmm:o«
trum but with greatly 4 y. The Comploa syn-
cArotron model of the nebula was first developed by Gosld
(1965) and was refined by Ricke and Weckes (1969) and by
Grindlay asd Holfmans (1971} A strong flus of gamma rays
win prodictad with maximam luminosity in e 0110 TeV
coergy range. The pammosaray fur level depends on the
streagth of the nebular magnetic fickd, which & a foe param-

eter in the model and is little comatrained by odservations at
other wavelengthe However, based o8 equiparston args-
meats, it is estimated so be ~ 107" G,

The observation of a fux of 0.14 TeV gamma rays from the
Crab Nebula wis reported by the Smithsonian group using the
stmospheric Cerenkov tochnique (Fazio er al 1972). based on
observations that spaaned 3 years, this detoction was il osly
# the 3 o level. This dem both the weak of the
source and the lack of senutivity of the sechaique. The detec-
Bon of TeV gamma rays from the Crab Nebela is a coafirma-
tion of the Compton syschrotren model and gives a direct
measure of the magnetic fichd. This mesmurement, which was
mnﬁnbmkmuaduuwhunﬁum-m-p
magnetic ficld of § x 107* G, or a radially symenetric (| r) ficd
with 8, = | % 107" G at a distasce of 0.1 pe from the pubar
(Grindlay 19761

e

Subseguent 1o the discovery of PSR 0451 in the nedala, TeV
pamema-ray obswrvations concentrased oa the pelsar becase
preater seasstivity could be achieved by the anumption of syn-
W«mmdlhmnymmlbm
radio Several detects were reported at very high

esergies (Grindlay 1972; Jeomings er ol 1974, Griadlay,
Md-kq amd Weekes 1976, Porter er of. 1976; Erickson,
Fickle, and Lamb 1976, Viabwasath 1982 Vish th e of.
1985, Gupta et af. 1977, Gibson ot ol 19825 ; Dowthwaite er of
1984, Tamer ¢ @l 1955; Bt or ol 19960 bat the statisucal
ugnficance was a0t Mgh, and upper limits were abo prosentod
which appeared 10 be is conflxt with the reported funes
(Helmiken er o 1973; Vishwanath o ol 1956, Bhat 1 ol 1987)
Al encrgies above 1 TeV there were alio reports of emission
from the direction of the Crab (Mukanoy 1983; Boone ot al
1984 mnkmh«d 1981 ; Kirow of al. 1985), but, bocasse of
the limited {ution and the abs of sccurate
Wn-mmemmdem:
observed signal with the nebula o the palsar. Again there may
be conflicting upper lirsits (Craig of al 1981 Watson 1985) At
100 MeV energien (which are acoessible 5o stady by spark
chambers on sasellitesl boeh a pulsed and seady component
were detectod (Kniffen er al 1977, Hermsen ot al 1977 Clear
ot ol 1987) a1 | GeV the atzength of the snpslsed component
(which sight aripinate in the sebela or near the pulsar) is 0.25
times that of the pulsed flux

Using a refined version of the atmopheric Cerenkov toch-
nigue, we here repoet the detection of gamma rays above
0.7 TeV from the Crab Nebola at a high level of statisscal
signficance; over the epoch 1986 1988 we find 80 evidence for
variabality, and the observed flux i in agrocment wieh that

previously in 19691972 and in an carber observation

lisng tha same techraque in 198535 (Cawley er of 19850
Gibbs 1957, The obwerved pamma ray Dux is oaly 0.2% of the
cosmic-ray background. A periodic aaalysis suing the known
rade penod of the pubar indicates that loss than 25% of the
Obnerved ugaal is pelwed. The detection of sech a weak fux
from a steady (nompulsed) source with a significasce of 9 stan-
dard deviations (#) is a mil n the develop of
pround-based g2 y y. It demo he
mdm pheric Corenikov sh g 10 Ss-
tingush gamma-ray -mtiased air showers from tho-c.nn

O American Astronomical Sociely « Provided by the NASA Astrophysics Dita System
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The Imaging Atmospheric Cherenkov Technique

Some notes on the imaging atmospheric Cherenkov technique:

observafions can only be performed on dark™ nights
e ~000 hours per year

low duty cyc
INSTrumMents are
smal™ fields

NO calbration source

NOIN
of v

*k*k

ed
ew therefore need targets
fo defermine the energy scale

rely on simulations fo calibrate the instruments

Limitations:
low energy limif

local muons, night sky noise #% Milagro - “all-5 7Y”

high energy limit

collection area

—

¥ Moom-\'\jH observations

wxr Crab - cheaa\y.
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Anatomy of an LAC Tefescope

1/11
G\ D
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Anatomy of an LAC Tefescope

electronics and
commmcahon

\ focal PIAne

insteumentation

7

optical suppoet ae%lecﬁng‘

steuctuge supface

Pedesfdl
~
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Anatomy of an LAC Tefescope

A

» often constructed of steel (tubular/steel space frames)
but sometimes carbon fibre
» needs 1o be rigid enough to support the mirror
* N0 3Aqging
» thermal expansion
- cdlibration equipment - — —_—
-+ pointing controlled by motors alt-azimuth (azimuth-el) mount often used
= axes perpendicular to each other
« one set of motors controls motion about the vertical axis - azimuth
+ d separate set of motors controls motion about the horizontal axis - altitude)

ol EEL SPACE FRAME - HESS

Deirdre HORAN -- 2018 Fermi Summer School - L.ewes, Delaware



Anatomy of an LAC Tefescope

—

/ ae{’lecﬁng\ Supface

» Davies-Cotton design often used

« many spherical mirrors provide effectively the same
collection darea as d |arge Mirror
o I\dvarﬁages:

o dll mirror facets dre identical oaRe!
° 208y to dhgﬂ DAVIES COTTON DESIGN - VERITAS

» good off-axis performance (superior to parabolic) -> can have larger field of view
e Drawback

 transit fimes from different mirrors are unequal thus introducing a spread of ~bns in
arrival fimes at focal plane

« farabolic mirrors are also used - no time spread in arrival of photons at camera

Deirdre HORAN - 2018 Fermi Summer School - Lewes, Delaware



Anatomy of an LAC Telescope

\/\ . .
\U focal plane insteumentation
N
‘ ~== - vYacuum +ubes

<OV = near mnframed

« NI'|AC telescopes today use photomultiplier ' ex*tr‘e,me,l,ﬂ sensttive

tubes as the detectors’ - high gain
= aw?Plify Signal by up to (0°

- low noise

- Utra-fast response
- large collection area

photomultiplier

“
“anode
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Anatomy of an LAC Tefescope

‘\/\ . '
/ focal Pla\ne insTeumentation

« NI'IAC telescopes today use photomultiplier
tubes as the detectors

 light cones dre used fo help recover light that
would have been lost between the P\ Ts

 high voltage (~ 1000 V) needs to be supplied o
each of the MMTs

PMT CAMERA & LIGHTCONES
VERITAS

T — ——
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Anatomy of an LAC Tefescope

\@ elecTronics and communication
A

-+ the signals from the PMTs need to be fransmitted to the trigger electronics fo decide whether to

record a given event and then digitize it

» sometimes 1rigger logic is housed in the focal plane

» sometimes in “counting building" ... in this case, signal is often amplified before fransmission to
trigger electronics

- trigger consists of at least two levels

o Level |: individual PINT

» Level 7: telescope ... "pattern trigger” - expect neighbouring PT\Ts fo trigger if it is a real
gamma-ray signal

> Level 3: drray trigger - when have more than one telescope, can make intelligent array-level
trigger where decision on whether fo record d particular event is based on how it looks in al

telescopes - data-analysis is done offline |
Deirdre HORAN -- 2013 Fermi Summer School - Lewes, Delaware



Anatomy of an LAC Telescope

electronics and
\

communication

o

focal Plolne VERITAS
WHIPPLE insTeumentation
HESS oPﬁcaI SuPPOLT &e%lec‘\"\ng‘
steuctupe & supfdce MAGIC

PedeSTM
~
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Term?noVogy
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Term?noﬁogy
COLLECTION AREA

- devived from simulations

- tells you how large the collection
area of your telescope 15 at each
onergy after your gamma-ray
selection criteria have been applied
~i.e.gives you the “cm"

part of your rate

Energy (GEV) .. X gammas cm™? 51

T — S

Deirdre HORAN - 2018 Fermi Summer School - Lewes, Delaware



Term?nobgy
ENERGY SPECTRUM

* gammas cm 57 GeN at each
onergy
= differential spectrum

Photons cm=< s Gev?

encrgy (GEV)

R — ———————

Deirdre HORAN - 2018 Fermi Summer School - Lewes, Delaware



Term?nobgy
DIfFFERENTIAL RATE CURVE

area (Cm2)

—~

5
QO
V) / Energy (Gev)
—{_p — —
0 1
-
O
—+ _
O >
< )
: \ 8
eneroy (Gev) -

ENEY9y (GEV)

. ———

[ —

.. fold the acc&p’mnc& areq curve With a source

Spectrum 1o get the differential rate curve
Deirdre HORAN -- 2013 Fermi Summer School - Lewes, Delaware



Term?noﬁogy
ENERGY THRESHOLD - from the

differential vate curve

‘ can determing enevgy atr which
\L telescope 15 most efficient ar

5

&

- - often ca

@)

(@)

&

O

et

2

o below 1
e "Peak res

o\&’r@cﬂng 9aAMMA Yays

led "energy threshold’

- Misledd ing term ... +ele&copes
hdve signiﬁcanf collection area

nis Value

encrgy (GEV)

. When You

T — S

ponse enerqgy’” is perhaps a

more accura+e name

hear the term “energy

threshold” make sure You know what
(s bemg referved 1o

Deirdre HORAN -- 2018 Fermi Summer School - LeWES,

Delaware



S6CONd Generation TeleScopes
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S6CONd GGnerarion 1616SCopes

The 1maging atmospheric Cherenkov techrique enabled the detection of the Crab
nepula, thus establishing VIE garmma-tay astronomy as a nable new field

Maging Atmospheric Cherenkov Telescopes (IACTS) were constructed

at other locatioNs drOUNG

e WORLA

In recognition of his contribution to the field of very-high-energy astrophysics,
[revor Weekes was awarded the Rossi prize” in 1937

“The 1997 Rossi Prize of the High Energy Division of the
American Astronomical Society is awarded to Trevor C.
Weekes for his key role in the development of very
high energy gamma-ray astronomy and the discovery of
TeV gamma radiation from the Crab nebula and Mrk 421.”

T —

The Rossi Prize 1s awarded by +he High energy Astrophysics Division of the American Astronomical
Society annually v honor of Bruno Rosst “for a signicant condribution 0 High energy Astrophysics, with

particular emphasis on recent, origwnal work."

Deirdre HORAN - 2018 Fermi Summer School - L

ewes, Delaware



S6C0Nd Generation T6l6SCopgs

“Second generation” instruments: 1989 - ~2003

Whlpple
rizong. USH HEGRA

L3 Palma, Canary Iancs

CANGAROO

Woomera, fustrali

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopgs

Some highlights of the early days of discovery - each new SOURCE was a big deal

987 Discovery of The Crab Nebulo
- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998

the “standavd
candles” Tor years N

/\e\/ a&tvonomU

NASA COMPOSITE IMAGE HILLAS ET AL APJ, 503, 744 {1998)

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopes

Some highlights of the early days of discovery - each new SOURCE was a big deal

987 Discovery of The Crab Nebulo
- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998
1997 DetecTion of The AcTive GialacTic Nucleus Mark arion 47 |

- first ever TeV Ex+Rdgalac+ic SOURCE Fastest Cfirstd
TeV Flaring

$ ———yy——y—

SR T L R PR FLELI BLALTEE A R b T
: I 1a) ASCA (0.7-7.5 keV) . . } s
- ‘.OE .' '.:. : ; s A TS0 z )
. | ) |
= First TeV MWL - | -. : | .
% 30| ., L | e ? | |
?‘ | H .u.. : ! 1~ 1
. campaign = | ‘ iz |
2 . ’ ¢ L 4 - ;~ ‘
20¢ 7 | | ! !
6 : : !
i 1b) Whipple (>250 CeV) ! § f
= : oo { i
= } {
._i‘ ? 1 |
> } |
7 | | |
= > I } ! |
U < ‘ |
T ) I I r :
; V L. { I
ettt & td L T Yo B T e | : |
" 5 ' 2L “ 5 . !
i 1¢) EGRET {> 100MeV) - { { ¢ 1
& 4 . |
~ ! “ } {
A ! i i
E 3 | 1 |
o ’ ) -
-~ > | { " & - e
s S | | S
X 1 - . .
2Ee g0 ey g gyt g g A I P e I W T W
'O 19 14 .G

TAKAHASHI, MADEJSKI & HIDETOSHL,
ASTROPART; PHYS. 11, 177 (1994)
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S6C0Nd Generation T6l6SCopgs

Some highlights of the early days of discovery - each new SOURCE was a big deal

987 Discovery of The Crab Nebulo

- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998
1997: DefecTion of The Active Gialactic Nucleus Markarian 4/

- first ever TeV Extragalactic source
996+ Discovery of TeV pamma raye from Markarion 50

- first ever gamma-ray source to be DISCOVERED at TeV energies

largest - Tn 1998 & 1999, [FS
variability - 2544+514 & [ES
ever seen at - T 1959+650 were dleo
these = - discovered while in |
encrgies! % flaring sfofes 3

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopgs

Some highlights of the early days of discovery - each new SOURCE was a big deal

987 Discovery of The Crab Nebulo

- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998
1997: DefecTion of The Active Gialactic Nucleus Markarian 4/

- first ever TeV Extragalactic source
996+ Discovery of TeV gamma rays from Markarion 50

- first ever gamma-ray source to be DISCOVERED at TeV energies
998: Discovery of TeV gamma rays from FHS Z155-504

- first ever source iN the SoutherN Hemisphere

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopgs

Some highlights of the early days of discovery - each new SOURCE was a big deal

987: Discovery of The Crrob Nebula
- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998
1997: Defection of The AcTive GalacTic Nucleus Markarion 4/
- first ever TeV Extragalactic source
996+ Discovery of TeV gamma rays from Markarion 50
- first ever gamma-ray source to be DISCOVERED at TeV energies
998: Discovery of TeV gamma rays from FHS Z155-504
- first ever source IN the SoutherRN Hemisphere
200I: Digcovery of' TeV pamma rays frrom Cossiopeia A
- wds the wedkest source detected at the time (3374 Crab)

COMPOSITE SPITZER,
CHANDRA, HUBBLE

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopgs

Some highlights of the early days of discovery - each new SOURCE was a big deal

987 Discovery of The Crab Nebulo

- first ever TeV source (confirmed by HEGRA IN 199b), spectrum iN 1998
1997: Defection of The AcTive GalacTic Nucleus Markarion 4/

- first ever TeV Extragalactic source
996+ Discovery of TeV gamma rays from Markarion 50

- first ever gamma-ray source to be DISCOVERED at TeV energies
998: Discovery of TeV gamma rays from FHS Z155-504

- first ever source iN the SoutherN Hemisphere
200I: Digcovery of' TeV pamma rays frrom Cossiopeia A

- was the weakest source detected to date (3.37 Crab)
200Z: Diecovery of TeV pamma raye from HT26+F/8

- Was the mMost distant source yet detected, z-0129

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



S6C0Nd Generation T6l6SCopgs

o

0
© 4 15
)
@)
¢))
g 0
=z 0,
0 10 O
HBL Shell IBL Unid PWN FRI 5
8 &
CL.
5 O
%
3
/
0
89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 OS5

Yedr
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S6C0Nd Generation T6l6SCopes

MLQOYlg rroducerl (mosHtj) in hadronic showers From pion Jecmj

. do not interact s’rrongb with matter so a lar%e proportion reach the earth's surfoce

= the "penetrating component” of cosmic rays

from a low-¢
gamma-ray

Deirdre HORAN -- 2013 Fermi Summer School - Lewes, Delaware

bnerenkov lignt trom local
muons is indistinguishable

REAL & SIMULATED MUONS WITH
DIFFERENT IMPACT PARAMETERS

EERERSS

160y

nower



S6C0Nd Generation T6l6SCopes

M&Oﬂg rroduced (mosl’ltj) in hadronic showers From pion Jecmj

propor-ion reach the earth's surfoce

3ly with matter so a larg,e

. do not interact stron

iC rays

of cosm

= the "penetrating component

,.
.. ..r

=i
5

L S 1

T

._.h_.,.....". g

gamma ray

partial muon
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Third Generation Telescopes
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Third Generation Telescopes

The success of Whipple, HEGRA, CAT and
CANGAROO led to a growth in the ficld of
ground-based gamma-ray astronomy. New

instruments were developed (and the %}\\),;\ A
LRy

teams of people building them grew too).

' larra‘js

' arje,r ener ranje

© more se,nsijf?\?e,

’ \)&H@r enefw YQ:SO|Uh0n HEGKA WAS an aw\{)

’ l\iﬂl\e,r anju ar T&SOthOﬂ ,\/\AGIC WAas a §IH9L€-
telescope system art first

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



Third Generation Telescopes
“Third generation” instruments: ~2003 - present MAGIC

>l w" )
VI I; l IAS Arctic  Ocean b~ Arclic Ocea
D - ] —y -~
' » L
USA *otam] ‘o F
- -~

Irizona, USH

Khomas Highlands, llamipis

HAWC"

oerrallegra. llexico 8
not yeJc N oPeraJc'\on

cQﬂZﬁt‘Lv
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Third Generation Telescopes

Stereo observations enable us to distinguish local muons from low-energy gamma rays
multi-telescope trigger requirement helps us operate with lower energy threshold
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Third Generation Telescopes

the gamma-ray spectra of all sources fall rapidly i

=
tn

=]
&

=

Differential Flux (photons m~> s’ TeV')
‘ -=.‘.'+

=
t0

L

Photon Energy (TeV)

in order to gather as many of the highest energy particles
as possible, we must incredse the collection area

Deirdre HORAN -- 2013 Fermi Summer School - Lewes, Delaware



Third Generation Telescopes

Stereo observations enable us more accurately characterise the properties of the

gamma rays
HOLDER, J. (2012), ASTROPART. PHYS,, 39, 6l

MOV@ 'H'\O.Y\ one (\AP 'l:O LH

'\MOﬁe of each shower

10 km

Camera Plane

Position on Sky
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Third Generation Telescopes

Stereo observations enable us more accurately characterise the properties of the
gamma rays

MOVG H’\OM\ one (\AP 'l:O Lﬂ

\MOﬁe of each shower

Core location
on the ground

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware




Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with ™ sources .. siNce theN has growN to iNclude almMost b0 sources

SWWW MPL-HDMPGDE
Deirdre HORAN - 2013 Fermi Summer School - L.ewes, Delaware




Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources

2005: L5 5037 ... first gamma-ray binary
. | , obseyvey
- d Microquasar (gdlactic stellar-mass objects that dccrete matter) l

Superior
conjuction

Periastron

Inferior
§ conjuction

Apastron

WWW MPI-HDMPGDE
Deirdre HORAN - 2013 Fermi Summer School -- Lewes, Delaware



Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources

2005: L5 5037 ... first gamma-ray binary

| | | obseyvey
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)
Al =5 ' | l
L i | c
0’5 3852 § 5 §l 5 5 5 Superior
S Bt 3 i 8§25 g g8 conjuction
s S 3+ it ol L 3‘+ =5 oty ’
AP i Periastron
: E ++ . ++
% 24— + i N
B CE } 1
8 °F i [ |
2w Fl Ll &l
05% 1 B i i ++ bp
*Efats t
Py = el ESrane o R, JG0R i i B, At I PR S e P
0 0.2 0.4 06 0.8 1 12 14 16 18 2
Orbital phase
Per\oo‘\C\ch owc sgna\ echaH\sl'\e —
Apastron Sl
(ZOO@) ; conjuction

WWW MPI-HDMPGDE
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Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources

2005: L5 5037 ... first gamma-ray binary
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)

2006+ Extragalactic background light
- CONStRdiNts ON the density of the EBL fhom AGN observations

PALIR PRODUCTLION

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey

- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources
2005: L5 5037 ... first gamma-ray binary
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)
2006+ Extragalactic background light

- CONStRdiNTs ON the density of the EBL fhom AGN observations

no. photons

energy

The further away the object we detect, the more its TeV photons
are absorbed by the EBL - this results in a break in the spectrum

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware

no. photons

enerqy

no. photons

enerqy

no. photons

- enerqy



Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources

2005: L5 5037 ... first gamma-ray binary
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)

2006+ Extragalactic background light
- CONStRaiNts ON the density of the EBL from AGN observations

¥ -~ flattest plausible
? “T~.__source spectrum |
o L ] sy, = Lo
o 1 @ ‘~~‘\ : )
> A iy ~ 1 2006 observabions of 1ES 1101232 (z-0.186)
F: il 6? absorption : by HESS ruled out mary EBL models
ol 1072 L ‘ :
§. measured ¢ :
3 | spectrum NI
T 10" L I'=2.9 T.“ :
y )._‘,_._.
- : Preliminary
10 . s : PP
0.1 1 10
WWW._MPI-HDMPG DE E [TeV]
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Third Generation Telescopes

Some highlights of third generation instruments:
2005: HESS Sky survey

- first published iN 2005 with 14 sources ..

2005: L5 5037 ... first gamma-ray binary
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)

2006+ Extragalactic background light
- CONStRAINTS ON deNsi+y of the EBL from AGN observations
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giNce theN has growN to iNclude almMost b0 sources

More recently (2012) HESS data. on seven
blazars were used 10 search for the
absorption signature of the EBL - it was
detected ab 9 sigma - results are only
Slightly above the lower limits calculated
by summing galaxies visible in Sky

SUPVEYS ASTRO-PH/212.3409
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Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with H sources .. siNce theN has growN to iNclude almMost 60 sources

2005: L5 5037 ... first gamma-ray binary
- d Microquasar (gdlactic stellar-mass objects that dccrete matter)

2006+ Extragalactic background light
- CONstRdiNts ON density of the EBL fRom AGN observations

2006+ Morphological sudies of RXJ [713.7-3746 & HESS JI825-157 WWW.MPI-HDMPG DE
- spectRa weRre derived for different eNergy bands

AHARONIAN ET AL (2006), AGA, 449, 225

17h15min 17 h 11 min
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Third Generation Telescopes

Some highlights of third generation instruments:

2005: HESS Sky survey
- first published iN 2005 with ™ sources .. siNce theN has growN to iNclude almMost b0 sources

ZOOS Lg 5059 'Pil"’e'\" %Olmma—-POly bihal’*’y :; :(:::" s = Radius 0.0°- 0. ‘::gzggl
- a MicRoquasar (galdctic stellar-Mass objects that dccrete § P
2006 ExtragalacTic background light E‘OW | § homorts (tiee
- constraiNts ON density of the EBL fkom AGN observations w . .. B % fesinil (e

2004: Morpholosical studies of RXT [713.7-3944 & HESS JI825- %

- spectra WeRe derived for different energy bands -

;

AHARONIAN ET AL (2006), AGA, 460, 365

enerqy Jerendanl’ o
morrkolow ak TeV enerjies

B B B B O B B B B B R B B B R P B R B PR |

] | lllllll 1 | Lllllll | |

10" 1 10
Energy (TeV)

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



Third Generation Telescopes

Some highlights of third generation instruments:

2006~ MB8T and LSL +6l 303 ... MultiwavelengTh studies with MULT IFLE TeV instrumerits
- data fRom Multiple TeV iNstRUMeNts helps study jets IN M8 and lightcurve of biNary

m._

VHE instruments
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ACCIARI ET AL (2010), APJ, 716, 819
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Third Generation Telescopes

Some highlights of third generation instruments:

2006~ MB8T and LSL +6l 303 ... MultiwavelengTh studies with MULT IFLE TeV instrumerits
- data fRom Multiple TeV iNstRUMeNts helps study jets IN M8 and lightcurve of biNary
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Third Generation Telescopes

Some highlights of third generation instruments:

2006~ MB8T and LSL +6l 303 ... MultiwavelengTh studies with MULT IFLE TeV instrumerits
- data fRom Multiple TeV iNstRUMeNts helps study jets IN M8 and lightcurve of biNary
2007T: Extremely rapid flaring from blazar PKS Z2155-514
- lightcurve was biNNed IN ONE-MiNute biNg!
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Third Generation Telescopes

Some highlights of third generation instruments:

2006~ MB8T and LSL +6l 303 ... MultiwavelengTh studies with MULT IFLE TeV instrumerits
- data fRom Multiple TeV iNstRUMeNts helps study jets IN M8 and lightcurve of biNary
2007T: Extremely rapid flaring from blazar PKS Z2155-514
- d MicrRoguasar (gadlactic stellar-Mass objects that accrete matter)
2001/ll: Binary nature of HESS J0652+057
- VERITAS data provides first evidence that HESS source is a biNdry
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Third Generation Telescopes

Some highlights of third generation instruments:

2006~ MB8T and LSL +6l 303 ... MultiwavelengTh studies with MULT IFLE TeV instrumerits
- data fRom Multiple TeV iNstRUMeNts helps study jets IN M8 and lightcurve of biNary

2007T: Extremely rapid flaring from blazar PKS Z2155-514
- d MicrRoguasar (gadlactic stellar-Mass objects that accrete matter)

2001/ll: Binary nature of HESS J0652+057
- VERITAS data provides first evidence that HESS source is a biNdry

2008: Two exfragalactic sources in same field of view
- two AGN dre detected iN one field of view - there dre a LOT of TeV sources Now!

Declination & [deg)

significance [0]

VERITAS COLLABORATION

3
2
1
0
-1
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12"20™

Right Ascension «
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Third Generation Telescopes

Some highlights of third generation instruments:

2008~ Fermi guides eV insfrumerifs To find many new sources - mosily blazars o far

60

48

36

24

12

0

M 3%9HBL ®m 7IBL = 1lBL ®m 3FRI ®m 3FSRQ

15 .
-
0 E izmo 2011 2012
— T— i

1999 2000
-l T Rl e
1992

Since Fermi was launched,
29 TeV AGN detected - 14 thanks to LAT data i
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Third Generation Telescopes

The growth in sources detected by the third
generation telescopes was such that it was no longer

possible to keep Track of the state of the field without
the help of some sort of one-stop “clearing house”

with This In mind, TevCart

was credted in 2008
Scott \A/akeN (U.Chicago) and DH

http:/tecvat.uchicago.edu

or

http:/tevcat.inZpdir
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Table Control
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= Date o Distance
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Map Control ... z0om galactic centre, show overlays ...

Table Control WUTICDUUN Tools  Legend

@ Zoom Gal Center
Show Vis. Overlay:
None H

@ Show EGRET Skymap
® Show GLAST/Fermi Skymap

Export Black Export White

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



- ) 2, ‘ 2 " 7 57
A \7 /TR 2 ! Lo 1 % \/
%\ 4 N 4 &) & % % /

Map Control ... zoom galactic centre, show overlays ..

 Table Control [INYSNEE Tools  Legend

@ Zoom Gal Center
Show Vis. Overlay:
None H

@ Show EGRET Skymap
 Show GLAST/Fermi Skymap

- T, e ‘ngg)m..'o,,_- py .I: :e a\ . Export Black Export White
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® 00 TeVCat VisPlot

tevcat.uchicago.edu/visplot.cgi?mode=1&date=25-05-2013&lat=31.68&lon=-110.86&tname=Tycho&ra=00%2025%202

Tycho

Coordinates: "VERITAS

©0Single Day 25-05-2013
S FE I I | T l l l I | l 3 ° w"y%.o YO‘L,
g 90 — : : : : — Plot it
2 F -
—_— Custom VisPlotter
W 80— gt Custom LATCat Search
70 = s & Export Region e
60 =
50 R ‘T
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P S RN SN NN S N S S S R S
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Plotted Tycho RA Dec = (6.3625,64.1806) for date (dd-mm-yy) 25-05-2013 (MJD= 56437) at lat Jon = 31.68 -110.86
Nominal Times (rough guesses) Start: 00:00, Stop : 00:00, dT ~ 00:00
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New TeVCat coming soon ... lots more options

=1,

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware



VCat: - status of the TeV sy

As of writing this talk, there are 45 sources in TeVCat

h1 Extragalactic b( Galactic

28 Dark/Unidentified

\ a lot of these are hkely galache -
mMany pro\oa\oM pulsar wind nebulae
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7% €1 Lo Lo 1

As of writing this talk, there are 115 sources in TeVCat - 60 Galactic

(1Shell SNR 9 SNR/Molecular
Cloud
4B1nar1es

1 Globular Cluster

4Mass1ve

31 Pulsar Star Clusters

Wind Nebulae
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As of writing this talk, there are 15 sources in TeVCat - 51 Extragalactic

Onlq +wW0 sources
are not+ AGN!

41 HBL
!

Yios+ numerous
source class wn TeV skq
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As of writing this talk, there are 15 sources in TeVCat
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36

27
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M. Stel. Clus.
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NEW ASTRONOMY REVIEWS .
48 (2004), 527 - 339 :
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Sensitivity
Galactic Extragalactic

A ﬁgure that 1. Weekes created in 2004 to
illustrate his view on the status of the field

Deirdre HORAN - 2018 Fermi Summer School - Lewes, Delaware



</ - f —"’_1’,’ M/ 2 ) - /;
) 1y ‘1 '1 ‘]_ . ‘]_ 8/ & ) 7
7, 4 : B ) 2 v 7
A ¥ P 5 5 % A N
2, 3 2 Z 2,
27 6\ /€ o g : ’
2 7 J g B 2 2
o @ v * 7o

As of writing this talk, there are 45 sources in TeVCat

w0 (17

125

(when T. Weekes
made his peediction)

VERITAS,
MAGICy HESS

. 100
aLL onLine
75
50
HESS sky
Crab (1989) survey =
(2006) ;

8 91 93 9% 97 99 0L 03 05 07 09 11 13
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HE Technigue

Gamma ray interacts directly in detector
(Pmr PVOC/HC,&j)
anti-
coincidence Y
shield tracker

e

7 h@@d J‘LO:

............................... R o OICJCCCJC %amma rayg / T‘CJCCJC back%rgund
- determine gamma-ray direction

- measure the energy of the gamma rays

oooooooooooooooooooooooooooooo

---------------------------------------------------

Ll PAIR PRODUCTION

X8 e

Deirdre HORAN -- 2013 Fermi Summer School - L.ewes, Delaware

S~ caloimeTer
Electronics




EGRET (I9dl - 2000) e fee i

energy range: 20 MeV - 30 GeV

N

ANTI-COINCIDENCE CLOSELY SPACED
SCINTILLATION SPARK CHAMBERS
DOME K’“

T~ :
TIME OF | ¢ j/ !
FLIGHT . =
COINCIDENCE =t
YSTEM \_
= —— PRES
> —

Nal (TL) ENERGY A The e ELEC
MEASUREMENT

COUNTER Q :

anti-coincidence shield - Plasﬁc scintillator
teacker - spaek chamvers
calogimeTer - thallium-activated sodium iodide
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Fermi LAT (2008 ... )i e tceseps

energy range: 20 MeV - 300 GeV

ACD Base Clectronscs Assembly

—

anTi-coincidence

shield - Seg‘menfed

Teacker- altepnat 'mg

calogimeter. - 15%6 (16 v layers of conveptepn

db) cpystals ot Csl(TV)

o -3 | | (FungsTen) and
- position and eneedy e | | | ™ detetor (silicon
deTepmination b steip)
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HE Technigue

The three sub-detectors work together to reconstruct the e*/e-
tracks and fo estimate the energy of the primary particle

the estimated direction

N |

the |I ‘-ﬁ-‘_“]l the pog]tions

reconstructed 1’II- = : S ] I ©° the chargec
patns (1 | BEE= -||'[ particles
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enerqgy Adeposits
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Muons

(rroéuced (mosHtj) in hadronic showers From pion Jecmj)

do not interact s#rongly with matter so a Iar%e proportion reach the earth's surfoce

the "penetrating component” of cosmic rays

all Cherenkov photong induced by the muon are
radiated at roughly the game angle -> eylindrical wave

intensity falls off as 1/ where 1 is distance from
the muon trajectory
dll of The light £rom the muons ~300m

Trdjectory is focused by the mirror onfo the
sdme ring-like image. strongly enhdncing its

infensity

ke muons, e/e” induce cy|indrica| waves of Cherenkov radiation
but the radiation |eng1'hs are short so each e’/e" on|\1 radiates
coherenﬂ\f for a very short paﬂ'\ |enngh and the net effect is

that the Cherenkov radiation is diffuse

Image that the camera
would see at various
stages of the muon's

decent.

\

Final image that the
camera records.

Angular Space

— e e -

Muon Travelling Straight Down the Optic Axis of the Camera.

— \ Cherenkov

angle __}(

/
/
54
/
/
/
'/‘
/
'/

sanau ()§

P o e e e e et

B kT

.

reflector collects this
light and translates
it 1nto angular space.

thus the Cherenkov radiation from a ~11eV gamma-ray, which comprises about 100 radiating
charged particles, has the form of a sphericaf wave with anintensity that fafls off as 1/r?2
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Muons

Muon¢ in the camera:
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REAL & SIMULATED MUONS WITH DIFFERENT IMPACT PARAMETERS

Muons

00.
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8 109
.v Ly QO“.-

or Partial Muon?
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